This paper based on a fast implemented multiphase screen method using DFT puts forward an ionospheric Es layer clutter model and uses the newly developed dimensionality reduction space-time adaptive processing-(STAP-) JDL algorithm to suppress Es layer clutter, which proves the validity of the proposed model. Firstly, the multiphase screen method was analyzed, and a fast algorithm using DFT was proposed. Then, based on the multiphase screen method and thorough simulation, we reached a conclusion of the high-frequency radio wave propagation's fluctuation characteristics in the ionosphere. According to the results of the analysis, a new Es layer ionospheric clutter model was established and was compared with the measured data and verification was made. Finally, based on the built clutter model, JDL algorithm was applied to the high-frequency surface wave radar ionospheric clutter suppression, using the measured data to verify the validity of the model and algorithm. The simulation results showed that the built model can show the characteristics of the ionospheric Es layer clutter and that the JDL algorithm can suppress ionospheric Es layer clutter quite effectively.
Introduction
HF surface wave radar has been gradually applied as an efficient tool to detect the ocean dynamics elements and to maneuver targets with low speed, especially to monitor exclusive economic zone (EEZ) globally. When HF surface wave radar emits electromagnetic waves to the surface of the sea horizontally, some energy is emitted to the sky and reflected by the ionosphere owing to the nonideality of the antenna in the zenith direction, which forms the ionospheric clutter finally. Ionospheric clutter mainly locates at the height of 100 km∼120 km in the sporadic-E layer (Es layer) and above 210 km in the F layer, and due to the nonstationary property of the ionosphere, the sea echo is often completely submerged in the ionospheric clutter, which causes the radar's detection performance to decrease dramatically. Ionospheric clutter has become the bottleneck that limits the development of remote HF ground wave radar currently, and especially the Es layer clutter in it that has the ionosphere irregularities structure, which makes the suppression of the clutter more difficult [1] .
At present, according to the relevant literature and the tests results, most adaptive methods that suppress ionospheric clutter are often more suitable for processing the steady or slowly varying disturbances. Because of the complex features of the ionospheric medium itself, the methods in the literature always fail. The main reason is that the problem is difficult to break through in the perspective of signal processing. Therefore, it is necessary to study the characteristics of radio wave propagation in the ionosphere and establish a reasonable ionospheric clutter model to suppress the clutter essentially.
Es layer of the ionosphere can be seen as a random medium. Some primary methods to deal with the problems of the wave propagation in the random medium include geometrical optics approximation, the Born approximation method, the Rytov approximation method, and multiphase screen method [2] [3] [4] [5] [6] . Geometrical optics approximation can be only applied to the situation that the wavelength of the radio waves is small enough to be neglected comparing with the characteristic dimension of the medium. The Born approximation is the single scattering solution of the scattering problem and it approximates the ionosphere propagation in the condition of weak fluctuation. However, multiphase screen method equals the ionosphere into several phase screens, taking the hierarchical characteristic of the International Journal of Antennas and Propagation ionosphere into consideration; so, we could simulate the propagation of the radio waves with high qualities simply selecting a sufficient number of phase screen in the ionosphere. Furthermore, it is suitable for the case of the weak and strong fluctuation, but its calculation speed is very slow.
Based on what is presented previously, the paper proposed an ionospheric Es layer clutter model using multiphase screen method with DFT fast implementation, and then, we applied STAP method to suppress the Es layer clutter under this model. At the beginning, we analyzed the basic principle of the multiphase screen method in the disturbed layered ionosphere and proposed a fast algorithm implemented by DFT. Then, we obtained the fluctuating characteristics of the high-frequency radio wave propagation in the ionosphere according to the experiment simulation at both weak and strong scintillation. Using the statistical analysis results of the multiphase screen method together with the height variation of the reflection points in the ionospheric Es layer, we established a new reflecting model in the ionospheric Es layer. We also compared and analyzed the model with the measured data to verify the reasonableness and correctness. Finally, based on the proposed ionospheric clutter model, we used the newly developed descending dimensional STAP-JDL algorithm to suppress the Es layer clutter, and the simulation with measured data verified the ability of this algorithm to suppress the ionospheric clutter. The simulation results showed that the established model can present the characteristics of the ionospheric Es layer clutter basically, and the JDL algorithm can suppress ionospheric Es layer clutter quite effectively. The method proposed in this paper provided a theoretical basis for the ionospheric clutter suppression techniques and the use of STAP in anti-ionospheric clutter.
The Analysis of Radio Wave's Propagation
Characteristics in the Ionospheric Es Layer Based on the Multiphase Screen Method
The Basic Theory of the Multiscreen Method.
Multiphase screen technology equals the irregularities' path of the highfrequency radio wave signals in the ionosphere to a plurality of thin screens that only change the phase of the signal, and each thin screen corresponds to the impact of the ionospheric on radio wave signal over path, while we assumed that it was vacuum between each of the thin screens, that is, using the principle of equivalent. The propagation of high-frequency waves on the screen causes the signal phase to fluctuate, and the diffraction effect between the thin screens leads to the fluctuation of the amplitude and phase. Assume that the electric field of the incident wave is field 0 ( ) with no irregularities, and after passing through the ionosphere its form ( ⃗ ) is as follows:
where
To illustrate fluctuation of the amplitude and phase, respectively, set ( ⃗ ) as the following form [2, 3] :
where ( ⃗ ) is the amplitude part of ( ⃗ ) and 1 ( ⃗ ) is the phase part of ( ⃗ r). We can use Kirchhoff diffraction formula to solve the problem that radio waves propagate from one screen to another. Besides in the forward scattering assumption, the Kirchhoff diffraction can produce the results as follows:
In the condition of shallow screen, we can get the relationship from the previous formulas:
The statistical characteristics of the waves through each phase screen can be obtained by calculating the moments of formula (5) . Among the moments, the mean value of the amplitude and phase fluctuation is 0, and the correlation function of the amplitude and phase fluctuations are
is power spectrum of the phase screen at = ( −1 + )/2. Taking the previous formulas (6) for Fourier transform, we can have the power spectrum of the amplitude and phase fluctuations. Consider the following:
In order to simplify the discussion and calculation of the problem, we only consider the two-dimensional case which assumes that the irregularities are independent of direction; thus, the relationships in the previous formulas become
Ionosphere can be characterized by the relative dielectric constant ( ⃗ ), which is composed of regular portion ⟨ ( )⟩ ( > 0) and the random part 1 ( ⃗ ). In the disturbed stratified ionosphere, the relative dielectric constant can be expressed as
where and are the charge and mass of the electron; ⟨ ( )⟩ is the electron concentration of the background, and it is a linear function of ; Δ⟨ ( , )⟩ is its fluctuations portion.
( , ) is the relative fluctuation of the electron concentration:
The power spectrum of the ionospheric electron concentration fluctuation of the two-dimensional irregularities can be characterized using the available Shkarofsky spectrum:
where 0 and 0 = 2 / 0 are the internal and external dimensions of the irregularities, V is the modified Bessel function of the second kind with the order V. By solving the Helmholtz equation of radio wave propagation, we can yield
Substitute formula (10) into (14) and calculate the correlation function of the phase deviation. The result is shown as follows:
Taking formula (15) for FFT, we can get the power spectrum of the phase deviation:
Formula (16) links up the power spectrum of the phase deviation and the power spectrum of the undulating electron concentration.
According to the previously obtained power spectra of the phase deviation in the phase screen, we substitute it into formula (8a) and (8b) to obtain the corresponding power spectrum of the amplitude and the phase fluctuations. As long as the power spectrum of the amplitude and phase fluctuations are obtained, the amplitude and phase deviation of the simulation phase screen in the = ( −1 + )/2 can be obtained via the numerical procedure using FFT. Assume that the horizontal size of each phase screen is ℎ and that it is divided into equal parts, the fluctuations of the random amplitude and phase at the point = ⋅ Δ can be described as
where = 0, 1, 2, . . . , − 1; Δ = ℎ / ; Δ = 2 / ℎ ; here, we also introduce a random phase angle , which is subjected to the uniform distribution in the interval 0∼2 and meets the following qualifications: = − − .
A New DFT-Based Fast Algorithms.
Through the multiphase screen method previously mentioned, we obtained the expression of the signal amplitude and phase fluctuation that occur in the ionosphere. The formula is shown by summing, which will be very slow and inefficient when calculating directly. We make appropriate transform after which the calculation can be implemented by FFT algorithm. By the transformation formula of the trigonometric function, we can obtain International Journal of Antennas and Propagation
To be convenient, we can set
Then, the first item of formula (17) can be rewritten as follows:
If we set = exp(− 2 / ), then the previous formula can sequentially be simplified to the following form: The fast algorithm for phase fluctuation can be obtained through the same method:
We simplify the random amplitude and phase fluctuations formulas, expressing them using DFT and IDFT algorithm, respectively, which significantly improve the computational efficiency.
The multiphase screen simulation algorithm is shown as following steps.
Step 1. Substitute the corresponding parameters in the upper section into formula (12) to obtain the power spectrum of the electron concentration fluctuations.
Step 2. The obtained value of the electron concentration fluctuations would be substituted into formula (16) to get the power spectrum of the complex phase deviation.
Step 3. According to the formula (8a) and (8b), we can obtain the power spectrum of amplitude and phase fluctuations.
Step 4. Use the relation of (17) to obtain the amplitude and phase fluctuation which we can regard as a complex phase −1, .
Step 5. Use formula (13) to associate the phase deviations between different phase screens with each other.
The diagram of the fast algorithm in the fourth step using DFT to implement its function is shown in Figure 1 .
In Figure 1 , when the input is the power spectrum of the amplitude fluctuation in the phase screen, the corresponding output is the fluctuation of the amplitude; when the input is the power spectrum of the phase fluctuation in the phase screen, the corresponding output is the fluctuation of the phase. screen method can be derived by using such values as initial condition. These parameters include the radar operating frequency = 4 MHz; analog of the background medium: Γ = 20 km (corresponding to the ionization layer region thickness when = 4 MHz), = 90 km is the distance from the ground to the bottom of the ionosphere. To ensure the sampling rate and numerical calculations convenient under the simulated conditions of phase screen [2, 3] , take a typical case. We place 20 phase screens in the ionsphere, that is, = 20, and thus, the relative thickness of the screen Δ = Γ / ; in the ionospheric 2D random field, electron concentration's relative fluctuation ( ) was characterized by the Shkarofsky spectrum, in which the internal dimensions of the irregularities take typical value 0 = 15 m, and the external dimensions take 0 = 2.5 km. The spectral index of the ionospheric irregularities (i.e., the exponent) takes the value 4 or 5 and 4 herein; the horizontal dimension of each phase screen is ℎ = 122880 m and is divided into = 4096 copies; the fluctuation of the electron concentration take = 10 −3 in the strong situation and = 10 −4 in the weak one.
Simulations and Experimental Results of Multiphase
is standard deviation, indicating the strength of the turbulence of ionosphere.
The Power Spectrum of the Amplitude and Phase Scintillation.
The power spectrum of the amplitude and phase fluctuations by complex phase screen's power spectrum using (8a) and (8b) are shown in Figures 2 and 3 in the conditions of weak and strong fluctuation.
The Scintillations of Amplitude and Phase.
According to the derivation of the foregoing formula (21) and (22) 
The Statistical Properties of the Magnitude and
Phase Scintillation Figure 7 shows the histogram of the amplitude value frequency after the signal going through ionosphere in the weak scintillation conditions using multiphase screen method, and the probability density function curve of Gaussian distribution with the parameters (0.7, 0.17). As we can see from Figure 7 , the amplitude of the signal in the case of weak scintillation approximates the Gaussian distribution. Figure 8 (a) with the q-q figure is to test whether experimental data and the given parameters' normal distribution come from the same kind of distribution. If the data in the q-q figure approximately has a linear relationship, we can hold the opinion that the data is subjected to the Gaussian distribution. Conversely, if the data point bends seriously, they are not the same kind of distribution. From Figure 8 (a), we can know that in the weak scintillation case, the fluctuation of the signal amplitude approximately obeys = 0.7, 2 = 0.17 Gaussian distribution. Figure 8 (b) is the normal probability picture (NPP) to test normal distribution. Each value in the data corresponds to a "+" sign, whose location is decided jointly by the point value and the empirical probability, and solid lines connect the 25% and 75% percentile and represent the robustness of the linear fit. The ratio of axis in the normal probability plot is uneven, and it indicates the probability value between 0∼1. If all the data points fall near the line, we can regard that the data follows a normal distribution. The curve of Figure 8(b) is approximately linear because it can be considered that the fluctuation of the signal amplitude in the weak undulation conditions approximately obeys Gaussian distribution. At a significance level of 0.05, with the Kolmogorov-Smirnov test method [7] , we validate further that in the case of weak ionospheric scintillation, phase screen method simulation shows that amplitude fluctuations obey Gaussian distribution. Figure 9 shows that in a strong scintillation condition frequency histogram of the amplitude. The curve obeys the Weibull distribution with parameters = = 1.5. As it can be seen in Figure 9 , the signal amplitude can be fitted quite well in the Weibull distribution. In Figure 10 , we test fitting degree of signal amplitude fluctuation distribution with Weibull distribution of given parameters in the q-q figure as well with normal probability distribution in the intense fluctuation conditions. As is shown in Figure 10 Figure 10 (b), each amplitude point seriously deviates from the straight line. Therefore, the signal amplitude fluctuation is no longer a Gaussian distribution when it is under an intense condition. At a significance level of 0.05, with the Kolmogorov-Smirnov test method, we validate further that in the case of strong ionospheric scintillation, phase screen method simulation shows that amplitude fluctuations obey the Weibull distribution.
The Probability Distribution of the Amplitude Scintillation.
To sum up, the distribution of the signal amplitude's fading is closely linked to the intensity of the fluctuation of the ionosphere. With the intensifying of the ionospheric fluctuation, the fading of the signal amplitude has undergone a transition from a Gaussian distribution to the Weibull distribution.
Phase Scintillation's Probability Distribution.
In the case of weak scintillation, the frequency histogram of the signal phase distribution and normal distribution curve with parameters = 0, 2 = 0.2 is shown in Figure 11 . From the figure, we can see that under the conditions of weak scintillation, the signal's maximum of the phase deviation is about 0.6 radians, and the signal is also in good agreement with normal distribution. We get the conclusion that in weak scintillation case, the random phase deviation of the signal obeys normal distribution with parameters = 0, 2 = 0.2. At a significance level of 0.05, with the Kolmogorov-Smirnov test method, we validate further that in the case of weak ionospheric scintillation, phase screen method simulation shows that phase fluctuations obey Gaussian distribution. Figure 12 (a) is to verify the fitting degree of Gaussian distribution of corresponding parameters with the phase distribution of the signal using the q-q figure. In q-q figure, the phase approximately shows linearly, and therefore, we consider that the phase scintillation belongs to the Gaussian distribution. Figure 13 is the frequency histogram of the signal phase distribution, in the case of the strong scintillation, and the normal distribution curve with parameters = 0, 2 = 0.7. The inspection of phase scintillation is shown in Figure 14 . We can see from Figure 13 that the maximum phase deviation of the signal reaches about 2 radians, but the histogram of signal phase deviation gets good fit of the normal distribution curve with the corresponding parameters (0, 0.7). Figure 14(a) is to examine fitness of the phase distribution of the signal and the corresponding parameters of the Gaussian distribution with the q-q figure. It can be seen that the curve in the q-q figure is approximately linear, and therefore, we can consider that the phase undulation obeys Gaussian distribution. Figure 14(b) is to examine fitness of the phase distribution of the signal and the Gaussian distribution with corresponding parameters with normal probability plot. Seen from the figure, the curve in the normal probability pot is approximately linear, and therefore we can consider signal phase undulation obeys Gaussian distribution in case of strong scintillation. At a significance level of 0.05, with the Kolmogorov-Smirnov test method, we validate further that in the case of strong ionospheric scintillation, phase screen method simulation shows that phase fluctuations also obey Gaussian distribution.
The conclusion can be drawn by the phase screen method that in weak scintillation case, the signal amplitude and phase scintillation are relatively small, while its amplitude and phase fit the Gaussian distribution. In the case of strong scintillation, the Weibull distribution is a much better choice to characterize the scintillation of the signal amplitude. Phase scintillation still approximates the Gaussian distribution, while the deviation has increased than that of the weak case.
The Comparison with Measured Data.
The amplitude and phase distribution characteristics can be calculated by statistics analysis based on the measured data of ionospheric Es layer clutter echo, which can be used as the basis to test whether the simulation results of the phase screen method can reflect real ionospheric characteristics.
The frequency distribution histogram of an amplitude of 6 batches of real ionospheric echo is shown in Figure 15 . The abscissa is the normalized amplitude of the ionospheric echo, and the ordinate is the occurrence frequency of the corresponding amplitude. Red curve is a Weibull distributions with certain parameters, from which we can see that the amplitude scintillation approximately obeys the Weibull distribution and that amplitude distribution of the signal derived from our simulation in the strong scintillation basically coincides with the previous one. At a significance level of 0.05, we further verify the validity of the conclusion that the amplitude fluctuations of measured data obey the Weibull distribution by using the Kolmogorov-Smirnov test method.
We simulate ionospheric echo by phase screen method, obtain the phase of the simulated echo signal, and then process statistical analysis to finally get the phase distribution of the ionosphere echo signal. Then, we do the same statistical analysis to the corresponding measured ionospheric echo signal to obtain its phase fluctuation frequency distribution histogram. The phase distribution histogram of the simulated echo signal is shown in Figure 16 . We can get the phase distribution of the actual ionospheric echo after we analyze the measured data, which is shown in Figure 17 .
As can be seen from Figure 16 , due to the ionosphere, the phase of the echo signal approximately subjects to uniform distribution. Figure 17 shows the histogram statistical analysis of a phase of 6 batches of measured data. As can be seen from Figure 17 , ionospheric echo signal's phase also approximately obeys uniform distribution, which is consistent with the conclusions of theoretical simulation. In order to confirm that the phase screen simulation results and the actual data come from the same distribution, we test six sets of data available with the q-q figure. Figure 18 shows the results of a set of data with the q-q figure.
As can be seen from Figure 18 , ionospheric echoes' phase distribution derived from phase screen method is able to fit the actual ionospheric echo data, that is, the models created by the phase screen method can preferably simulate the echoes' phase. At a significance level of 0.05, we further verify the validity of the conclusion that the echo's phases of measured data obey uniform distribution by using the Kolmogorov-Smirnov test method. To sum up, in strong scintillation condition, the scintillation of amplitude and phase by simulation is close to the statistical results of actual data and basically characterize the impact ionospheric irregularities on high-frequency radio waves.
Ionospheric Es Layer Clutter Model
Based on Multiphase Screen Method
The Proposition of Ionospheric Es Layer Clutter Model.
Es layer is an ionization cloud with a variety of different shapes that appear in the height of the E layer, and its electronic peak concentrations are often many times higher than the concentration of the E layer around. Es layer appears in the corresponding state of strong scintillation of ionosphere. According to the previous study of the propagation characteristics in the ionospheric Es layer, under strong scintillation conditions, we can conclude the signal amplitude scintillation probability distribution of radio signals that through the ionosphere can use the Weibull distribution to overfit, and phase scintillation probability distribution approximates to a Gaussian distribution. Using the results obtained by the multiphase screen method, taking into account of the variation in the height of the ionospheric reflection wave reflection points, we give a new reflected wave model of the ionosphere Es layer.
For HF surface wave radar, the difference frequency signal of uniform motion target's echo after passing mixer is
where represents echo amplitude, = 2( 0 + ] )/ represents the echo delay, 0 is the initial distance of the target distance to radar, ] shows radial velocity of the target relative to the radar, is the chirp rate, and is the sweep cycle.
In contrast, the ionospheric Es layer clutter echo is more complex. Three main aspects need to be considered: there is a random amplitude fluctuation in clutter echoes' difference frequency signal of ionospheric Es layer; there is a random phase fluctuation in clutter echoes' difference frequency signal of ionospheric Es layer; the echoes' height of reflection point in ionospheric Es layer clutter may randomly change. When waves vertically incident to the ionosphere, refractive index in each height under the reflecting surface will generate a Doppler frequency shift as time changes, and the movement of the reflecting surface will also produce Doppler shift.
According to previous theoretical analysis, simulation data analysis, and the conclusion of the actual data analysis, we establish a new echo model as follows.
Step 1. In the difference frequency signal of the standard uniform motion target, we superimpose on a random fluctuation amplitude. The distribution of the random fluctuations obeys the Weibull distribution.
Step 2. In the difference frequency signal of the standard uniform motion target, we superimpose on a random fluctuation phase. The distribution of the random fluctuations obeys Gaussian distribution.
Step 3. The height of ionospheric echo reflection point is a random variable. We can handle this change by dividing the whole coherent cycle sweep cycle into portions. In each section, the target velocity corresponding to a single sweep cycle of ionospheric echoes (i.e., the height of the ionospheric reflection point) is fixed, and the target moving speed is different in the different sweep cycle of ionospheric echoes. All of the / targets' speed corresponding to theionospheric echoes within the / sweep cycles obey Gaussian random distribution which takes a fixed speed as the mean value. The corresponding fixed speed uniformly distributes in (−V, V), typically V = 10 m/s.
According to the ionospheric echo model established previously, the difference frequency signal of the Es layer ionospheric clutter echoes after mixing is given by the following formula:
where Amplitude( ) represents the amplitude of the Weibull random fluctuations, Phase( ) represents the Gaussian random fluctuations in the phase, V presents ionospheric echoes variation in the height of the reflection point, and 0 corresponds to Es layer height in delay characterization = 2( 0 + ] )/ .
The Comparison of Simulating Ionospheric Es Layer Clutter and the Actual Ionospheric Es Layer
Clutter. The range of ionospheric Es layer clutter of high-frequency ground wave radar is generally from 100 km to 200 km, and to reduce sea clutter's impact on the accuracy of statistical characteristics analysis of the ionosphere clutter, we use a method based on eigenvalue decomposition to suppress the sea clutter composition in the time domain signal [8] and then do the statistical analysis of remaining ionospheric Es layer clutter. According to the model of ionosphere Es layer built in the last section, the simulation can produce the ionospheres' Es layer clutter after selecting the height value corresponds to the Es layer. At this time, the stochastic amplitudes obey the Weibull distribution with the parameters of (7, 2.8), and the phase of stochastic volatility obey Gaussian distribution with the parameters of (0, 0.4), wherein the unit of phase distribution's parameter 0.4 is radians. Figure 19(a) shows the spectrum of simulating ionospheric Es layer clutter corresponding to the range gate at the reflection height of Es layer. For From the comparison and analysis of simulating and actual clutter echoes, we can see that the proposed model can represent the actual Es layer ionospheric clutter well.
The Ionospheric Es Layer Clutter Suppression Based the JDL Algorithm
Space-time adaptive processing (STAP) is a kind of low complexity and effective way for using training samples to suppress clutter, having become an important direction of research scholars from various countries and has been used in airborne radar [9] [10] [11] [12] [13] [14] [15] . Similar to ground clutter, there are certain orientation-Doppler frequency characteristics in high-frequency surface wave radar ionospheric clutter; so, using STAP to suppress ionospheric clutter becomes possible. The traditional fully space-time adaptive algorithm has a large number of degrees of freedom. It is impossible for high-frequency surface wave radar to have enough secondary data samples to estimate the covariance matrix, and the computation load is too large. Therefore, in this section we inject an ideal point target to the simulated ionospheric clutter data and measured ionospheric clutter data, majoring in a kind of dimension reduced STAP algorithm and JDL's ability to suppress the ionospheric clutter and find the target.
Joint Domain Localized (JDL) Algorithm
Principle. Spacetime adaptive processing is using the training samples close to the range bin to be detected to estimate clutter and noise covariance matrix , and according to linearly constrained minimum variance criteria (LCMV) to estimate adaptive weights , and then to weigh the received data to maximize SNR. Covariance matrix is given by
where is a training sample data.
Weight vector can be given by
where is a complex normalized constant. The JDL algorithm's mainly take advantage of the transformation vector to transform the space-time data to the angle-Doppler domain and select a small local area for adaptive processing. It is a kind of dimension reduced algorithm of the STAP processing, solving the lack of training samples and excessive computation load.
and , respectively, are space steering vector and time steering vector. Elements of theirs are the discrete Fourier transform coefficients. Therefore, the inner product of the spatial and temporal steering vector is equivalent to 2-D DFT, and then, the process of transforming the received data from space-time domain to the ith angle bin , the jth Doppler bin, we concern can be expressed as
The JDL algorithm transforming matrix can be represented as
. . .
. . . represents the number of adjacent Doppler bins. Schematic diagram 20 is as follows.
In Figure 20 , the red channel is the search channel, the blue channel is the auxiliary channel, and the yellow channel is the protection channel. The selection of a protection channel in angle-Doppler domain may be effective in preventing the spread of the target signal to clutter covariance matrix, affecting the actual detection performance.
When selecting the 3 × 3 local shown in Figure 20 , space -time transformation matrix can be expressed as
The transformed space-time steering vector is
The receiving data vector is
The corresponding adaptive weight vector is and after the JDL algorithm processing after injecting an ideal target for simulated ionospheric clutter.
The JDL Algorithm Performance Analysis Based on Es
We can see from the simulation results in Figure 23 that SCR is −10dB before JDL processing, and SCR in the range and Doppler dimension is greatly improved after JDL processing. This further illustrates that the JDL algorithm can effectively suppress the ionosphere clutter and detect target submerged by ionospheric clutter. We can see, from the JDL processing results of the previously measured data, that the SCR in range and Doppler dimension are greatly improved, further illustrating the effectiveness of the JDL algorithm in suppressing the ionosphere clutter and verifying the reasonableness of the built clutter model.
Analysis of the JDL

Conclusions
An ionospheric Es layer clutter model based on multiphase screen method with DFT fast implementation was proposed, and then, the Es layer clutter was suppressed by STAP method in this paper. First, the basic principle of the multiphase screen method in the disturbed layered ionosphere was analyzed, and the DFT-based fast algorithm was proposed. Then, we utilized the multiphase screen method to obtain statistical analysis results as well as took into account the height of the reflection points' variation in the ionospheric Es layer to create a new reflecting model in the ionospheric Es layer. We also compared it with the measured data and analysis to verify the reasonableness and correctness of the established clutter model. Finally, based on the ionospheric clutter model, the newly developed descending dimensional JDL algorithm was used to suppress the Es layer clutter and simulated with measured data to provide the validity of this algorithm to suppress the ionospheric clutter. The simulation results showed that the established model can show the characteristics of the ionospheric Es layer clutter basically, and the JDL algorithm can suppress ionospheric Es layer clutter well. This method provided a theoretical basis for the ionospheric clutter suppression technology and the use of STAP in anti-ionospheric clutter.
